A novel flow-injection chemiluminescence (FI-CL) method was described for the determination of sinomenine hydrochloride (SIN). The method was based on the inhibitory effect of SIN on the CL reaction of luminol and K3Fe(CN)6 in an alkaline solution, which was sensitized by CdTe/CdS quantum dots (QDs). Under the optimized conditions, the linear range for the determination of SIN was 1.0 × 10 -8 to 1.4 × 10 -6 mol/L. The detection limit was 7.5 × 10 -9 mol/L, and the relative standard deviation was 2.47% (n = 11). The current CL method was applied to determine SIN in pharmaceutical formulations and biological fluids with satisfactory results. The possible CL reaction mechanism was discussed briefly.
Introduction
Sinomenine hydrochloride (SIN) is a principal alkaloid isolated from the stem and root of the Chinese medical plant sinomenium acutum. Due to its immunosuppression, anti-inflammatory and anti-arthritic effects, [1] [2] [3] [4] [5] SIN has been utilized clinically to treat rheumatoid arthritis and neuralgia. Similar to non-steroidal anti-inflammatory drugs, conventional formulations of SIN have occasionally caused adverse effects in the digestive system. 6 Hence, the detection of SIN has attracted much attention. Until now, several analytical methods had been used for the determination of SIN, such as spectrophotometry, 7 voltammetry (CV), 8 capillary electrophoresis (CE), [9] [10] [11] [12] [13] and high-performance liquid chromatography (HPLC). [14] [15] [16] [17] [18] [19] [20] However, the requirements of the experimental apparatus and the condition were relatively high, or had a low detection limit. Therefore, it was necessary to establish a simple and effective method for the quantization of SIN.
Chemiluminescence (CL) has attracted a great deal of attention as an interesting and useful detection method in analytical chemistry owing to its low detection limit, wide dynamic range, rapid response, simple instrumentation and no background scattering light interference. 21, 22 Latterly, the CL methods that involved quantum dots (QDs) have attracted increased attention because of the unique chemical and physical properties of QDs. 23, 24 Many studies on the use of QDs in CL reaction had provided new approaches to enhance the inherent sensitivity and to expand the applications of this mode of detection. 25 For example, Wang et al. 26 found that oxidants, especially hydrogen peroxide and potassium permanganate, could directly oxidize CdTe nanocrystals to produce strong CL emissions under basic conditions.
Chen et al. 27 described that CdSe/CdS QDs enhanced hydrogen peroxide-sodium hydrogen carbonate CL for determining L-ascorbic acid in human serum. Guo et al. 28 used ZnSe QDs enhanced CL for the determination of three kinds of phenols. In this work, it was found that the mixing of CdTe/CdS QDs with luminol in the presence of K3Fe(CN)6 could induce a great of enhancement on CL radiation, even though the concentration of luminol was lowered to 7.0 × 10 -7 mol/L. SIN could inhibit this CL and the reduced CL intensity was dependent on the SIN concentration. Based on this phenomenon, a new, simple, sensitive and selective method was proposed for the determination of SIN in pharmaceutical formulations and biological fluids with satisfactory results.
Possible CL mechanisms were further investigated based on CL spectra and UV-vis spectra. To our knowledge, there have been no studies of a CdTe/CdS QDs-enhanced luminol-K3Fe(CN)6 CL system for the assay of SIN.
Experimental

Reagents
Luminol was purchased from Shaanxi Normal University (Xi'an, China). SIN was obtained from Shannxi Huike Botanical Development Co., Ltd. (Xi'an, China). Thioglycollic acid (TGA) and NaBH4 were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). CdCl2·5/2H2O (99%), tellurium powder (99.999%) and absolute ethylalcohol were purchased from Tianjin Chemical Reagent Co., Ltd. (Tianjin, China). NaOH and K3Fe(CN)6 were purchased from Luoyang Chemical Reagent Co., Ltd. (Luoyang, China). All of the chemicals were of analytical grade, and were used without further purification. The water used in the experiments was freshly deionized using an ultraviolet ultrapure water system (Germany).
A 1.0 × 10 -2 mol/L standard stock solution of luminol was prepared by dissolving 177.1 mg of luminol in 0.1 mol/L NaOH and diluting to 100 mL in a brown volumetric flask; 1.0 × 10 -2 mol/L K3Fe(CN)6 solution was prepared by dissolving 115.0 mg K3Fe(CN)6 in water and then diluting to 50 mL; 1.0 × 10 -3 mol/L stock solution of SIN was prepared by dissolving 91.5 mg SIN with a small amount of 0.1 mol/L NaOH and diluting with water in a 25-mL volumetric flask.
Apparatus and procedures
The CL measurement was finished on an IFFM-E FI-CL analyzer, which included a Model IFFM-E flow-injection system and a Model IFFS-A luminometer (Xi'an Remax Analysis Instrument Co., Ltd., Xi'an, China). All fluorescence (FL) and CL measurements were carried out on a Cary Eclipse Fluorescent spectrophotometer instrument (Varian, USA). UV-vis absorption spectra were achieved with a Model Cary 5000 Spectrophotometer (Varian, USA).
The FI-CL system procedure is shown in Fig. 1 . Streams of 7.0 × 10 -7 mol/L luminol, 1.0 × 10 -4 mol/L CdTe/CdS QDs, SIN standard/sample solution, water carrier and a mixture of 7.0 × 10 -5 mol/L K3Fe(CN)6 and 0.6 mol/L NaOH were propelled into the flow lines using two peristaltic pumps: a P1 peristaltic pump at a flow rate of 1.7 mL/min and a P2 peristaltic pump at 3.1 mL/min flow rate, respectively. The luminol and CdTe/CdS QDs solution were mixed and injected into the carrier stream (water) using an eight-way injection valve. The mixture stream was merged with the SIN standard or sample solution at a Y-piece, and then further mixed with a K3Fe(CN)6 solution at another Y-piece. The mixed solution stream was delivered into the flow cell. The CL signal produced in the flow cell was recorded. The concentration of SIN was quantified by the relative CL intensity changes without and with the SIN solution; namely, ΔI = I0 -I, where I0 and I denote the CL intensity in the absence and presence of SIN, respectively.
Synthesis of CdTe/CdS QDs capped with TGA
The synthesis of CdTe/CdS QDs was performed according to the Peng method 29 with some modifications. Briefly, NaHTe was prepared by adding 40 mg of NaBH4 to a flask containing 46 mg of tellurium powder and 10 mL of water under a N2 atmosphere. The reaction was continued for several hours until all of the tellurium powder was dissolved. CdCl2 (0.092 g) and TGA (70 μL) were dissolved in 100 mL of water, followed by adjustment of the pH to 9.2 with a 1.0 mol/L NaOH solution. The mixture was deaerated by N2 bubbling for 30 min. Then, a freshly prepared NaHTe solution (0.062 mmol) was quickly injected into the mixture under vigorous stirring, followed by refluxing the reaction mixture for 20 min at 95 C under open-air conditions. Thioacetamide (3.12 mL, 0.4 mmol/L) as a sulfur source was added separately to the asprepared CdTe QDs (100 mL) to keep a constant S:Te molar ratio of 1 in the solution. Then, the mixture was deaerated by N2 bubbling for 20 min, followed by heating at 95 C around under a N2 atmosphere for various times. Aliquots of the reaction solution were taken out at regular intervals for further absorption, FL and CL characterization. The concentration of CdTe/CdS QDs was about 6.0 × 10 -4 mol/L (determined by the Te 2-concentration).
Results and Discussion
UV-vis and FL spectra of CdTe/CdS QDs
UV-vis and FL spectra are often utilized to confirm the quantum confined properties of QDs. Figure S1 (Supporting Information) shows the absorption and FL spectra of the different sizes of TGA-capped CdTe/CdS QDs prepared by varying the refluxing time. These CdTe/CdS QDs had an absorption maximum of the first electronic transition, which were 477, 502, 516, 538 and 557 nm, respectively. The sizes of the CdTe/CdS QDs were around 1.61, 2.40, 2.73, 3.17 and 3.31 nm, which were calculated by Yu's method, 30 and corresponded with the FL peaks of 546, 571, 593, 628 and 655 nm.
Size effect of CdTe/CdS QDs on CL
The size effects of CdTe/CdS QDs on the luminol-K3Fe(CN)6 CL system were investigated. As shown in Fig. S2 (Supporting Information), the CL emission from the luminol-K3Fe(CN)6 CL system was relatively weak when the concentration of luminol was lower (7.0 × 10 -7 mol/L). However, with the incorporation of CdTe/CdS QDs, the CL intensity was enhanced by the 1.61 -3.31 nm diameter CdTe/CdS QDs, and the most intensive CL signal was obtained with a diameter of 2.73 nm CdTe/CdS QDs, the corresponding refluxing time of which was 60 min. Thus, 2.73 nm CdTe/CdS QDs were chosen in the following experiments. 
Kinetic curves of CL reaction
The effects of SIN on CdTe/CdS QDs-enhanced CL were studied. Figure 2 shows a kinetic curve of the CL system in the static injection mode. It was found that the present reaction was fast; only 3 s was needed for the maximum peak to appear, and it took 10 s for the signal to decline to the basement. Because the CL intensity that luminol or CdTe/CdS QDs was oxidized alone by K3Fe(CN)6 was weak, we could see that the addition of CdTe/CdS QDs into the luminol-K3Fe(CN)6 system could induce a great enhancement on CL signals, and the CL intensity declined in the presence of SIN.
Optimization of the CL reaction conditions
Because the nature of luminol CL reaction is more favorable in alkaline media, NaOH was added into the K3Fe(CN)6 solution to enhance the CL intensity and to increase the sensitivity of the system. A series of NaOH solutions with different concentrations ranging from 0.1 to 0.9 mol/L were tested ( (Fig. S3d) . Hence, 1.0 × 10 -4 mol/L was chosen as the optimum concentration of CdTe/CdS QDs.
Analytical performance
A calibration curve was obtained for the determination of SIN under the optimum experimental conditions. It gave a linear range of 1.0 × 10 -8 -1.4 × 10 -6 mol/L with a regression equation of ΔI = 36.75c +1636.39 (c: 1.0 × 10 -8 mol/L; R = 0.9998). The limit of detection (LOD), as defined by IUPAC, was found to be 7.5 × 10 -9 mol/L. The relative standard deviation (RSD) for 11 repeated determinations of 9.0 × 10 -7 mol/L SIN was 2.47%. Compared with previous methods, the advantage of CL was more obvious for the quantization of SIN (Table S1 , Supporting Information).
Interference study
The influence of foreign species on the determination of a 9.0 × 10 -7 mol/L SIN solution was examined. A foreign substance was considered to interfere seriously when it produced a determination error > 5%. The tolerable concentration ratios were over 500 for CaCl2, NaCl; 200 for KNO3, Na2CO3, (NH4)2SO4; 150 for urea, magnesium stearate, sodium citrate; 100 for β-cyclodextrin, glucose, sucrose, lactic acid; 50 for Mg(NO)3, FeCl3, starch; 20 for CuSO4, ascorbic acid, tryptophan, phenylalanine, respectively. These results indicated that common inorganic ions and excipients did not interfere with the SIN determination.
Analytical applications
The present new FI-CL method for the analysis of SIN in SIN tablets was applied. The SIN tablets were purchased from a local market. No less than 10 tablets were weighed to obtain an average weight. They were finely triturated, homogenized and a portion of the powder equivalent to one tablet was accurately weighed and dissolved into water with an ultrasonic treatment. The resulting mixture was filtered, and the filtrate was diluted with water to 50 mL. The resultant solution was further diluted with water to bring the SIN concentrations to within the linear range, and then analyzed according to the procedure described above. The results are summarized in Table 1 . The results obtained by the absorption method at 454 nm and the proposed method showed no significant difference in the precision and accuracy for the determination of SIN in tablets.
The proposed method was applied to determine SIN in spiked human urine and plasma samples. The urine and plasma samples were obtained from two healthy volunteers. A 1.0-mL urine sample and a known amount of SIN standard solution was mixed and centrifuged for 15 min at 12000 rpm. The supernatant was transferred into a 25-mL volumetric flask and diluted to 25 mL with water for the determination of SIN. Into a 0.5-mL plasma sample, a known amount of an SIN standard solution and 2.5 mL acetonitrile were added. The resulting mixing solution was diluted to 5 mL with water, and was then centrifuged for 15 min at 12000 rpm to separate the proteins. The supernatant was transferred into another centrifuge tube and dried with an N2 stream. The residue was dissolved in water and diluted to 25 mL with water for the determination of SIN. Both of the urine and plasma sample solutions were filtered through a 0.45-μm membrane filter before injecting the solution into the flow-injection system. At the same time, blank experiments were performed according to the same procedure without SIN.
The results showed that with the above pretreatment procedure, the CL signal from the urine and plasma samples without SIN showed no significant difference from that of water, which indicated that the interfering substances existing in the urine and plasma samples were effectively eliminated by the current pretreatment procedure. The results of recovery studies of SIN from human urine and plasma samples are given in Table 2 . The determination of the recovery was based on the standard addition method. Possible CL mechanism In order to explore the possible mechanism, the UV-vis absorption spectra after the CL reaction were recorded. As shown in Fig. S4 (Supporting Information) , it could be seen that CdTe/CdS QDs (c) had the maximum absorption peak at around 516 nm and the luminol-K3Fe(CN)6 system had two absorption peaks at 300 and 348 nm (a). Nevertheless, the light absorption of the mixed system (d) of CdTe/CdS QDs and luminol-K3Fe(CN)6 was approximately equal to the sum of the light absorption of the two individual systems, which implied that no change occurred between the species after the reaction. Therefore, the enhancement of the CL signals may have originated from the sensitized effects of CdTe/CdS QDs for the luminol and K3Fe(CN)6 system. SIN had two distinct absorption peaks at about 257 and 454 nm (b). When the SIN were mixed with the luminol-K3Fe(CN)6-CdTe/CdS QDs system, the two distinct absorption peaks of SIN was disappeared (e), which implied that SIN might be involved in the luminol-K3Fe(CN)-CdTe/CdS QDs reaction system.
In general, the ascertainment of the final CL luminophor is the key to clarify the CL reaction mechanisms. The CL emission spectra of the system were obtained using a modified spectrofluorimeter, in which the light entrance slot was shut. As shown in Fig. 3 , the CL spectra of the luminol-K3Fe(CN)6 system (curve a), the luminol-K3Fe(CN)6-SIN system (curve b), the luminol-K3Fe(CN)6-CdTe/CdS QDs system (curve c) and the luminol-K3Fe(CN)6-CdTe/CdS QDs-SIN system (curve d) were performed. They showed the same maximal peaks at about 425 nm, which was excited 3-aminophthalate, a oxidation product of luminol, as literature has reported. 31, 32 In Fig. 3 , the CL intensity of the luminol-K3Fe(CN)6-CdTe/CdS QDs system (curve c) was obviously stronger than that of the luminol-K3Fe(CN)6 system (curve a), indicating the sensitized effect of CdTe/CdS QDs on the luminol-K3Fe(CN)6 CL reaction. When SIN was injected into the luminol-K3Fe(CN)6 CL system and the luminol-K3Fe(CN)6-CdTe/CdS QDs CL system, respectively, the CL intensity decreased dramatically. Further, the inhibitory CL intensity by SIN for the luminol-K3Fe(CN)6-CdTe/CdS QDs CL system (curve d) was far more than that of the luminol-K3Fe(CN)6 CL system (curve b). Based on these facts, we proposed that the main emitters of the luminol-K3Fe(CN)6-CdTe/CdS QDs-SIN system were closely related to the excited state of 3-aminophthalate with the characteristic maximum emissions of around 425 nm. The enhanced CL signals were thus ascribed to the possible sensitivity from CdTe/CdS QDs.
In general, luminol can be oxidized by various oxidants, such as K3Fe(CN)6, KMnO4 and H2O2, to the luminol radical, which may react with dissolved oxygen to produce diazaquinone and superoxide anion. 31, 33 The reaction between luminol radical and the superoxide anion produced the excited state 3-aminophthalate anions, giving rise to light emission. 31 Qu et al. 34 reported that CdTe QDs accelerate the electron-transfer process, and facilitate the CL radical generation in the luminol CL reaction, achieving a higher CL emission. Ribeiro et al. 35 reported that QDs are able to generate free-radical species when they are exposed to electromagnetic radiation in the ultraviolet wavelength range. Therefore, it was perhaps assumed that the CdTe/CdS QDs may interact with the reactants or the intermediates of the reaction of luminol with K3Fe(CN)6. 28 When CdTe/CdS QDs were used as the sensitizer, active oxygen-containing reactant intermediates, such as OH
• and O2 -, formed. Thus, in this system it could be concluded that the enhancement effect on CL by CdTe/CdS QDs was attributed to the formation of O2 -. The oxidation reaction of luminol was accelerated by O2 -, and thus the CL emission was enhanced.
It has been reported that the reducing groups of -OH, -NH2 or -SH reacted readily with the oxygen-containing intermediate radicals. 33, 36, 37 In this way, the quenching of CL by SIN was perhaps due to competition for superoxide anion between luminol and SIN, in which a hydroxyl was included.
Conclusions
In this study, CdTe/CdS QDs were utilized to enhance the CL intensity of the luminol-K3Fe(CN)6 system, and the CL from luminol-K3Fe(CN)6-CdTe/CdS QDs system was strongly inhibited by the presence of SIN. Based on this inhibition, a novel CL method was developed for the determination of SIN. This work had been successfully applied to the determination of SIN in the pharmaceutical formulations and human fluids. The possible mechanism of the reported CL reaction was also discussed. Normal University (SD2013JGXM-55).
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